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ABSTRACT 

A model  of  a conventional  catamaran  was  tested  in  regular  head  waves  at  the 
Naval  Ship  Research  and  Development  Center  to  investipte  the  cross-structure 
slamming  phenomenon.  The  severity  of  slamming  was  found  to  be  determined 
principally  by  the  relative  motions  resulting  from  the  ship’s  pitch  ana  heave  and 
the  relations  of  these  motions  with  the  impacting  wave  surface.  The  impact 
pressure  prediction  method  that  was  developed  on  the  basis  of  these  findings 
gave  results  that  agreed  reasonably  well  with  the  data  from  model  tests  and  full- 
scale  sea  trials  on  USNS  HAYES  (T-AGOR-16).  Spatial  averages  of  impact 
pressures  obtained  from  the  model  and  full-scale  data  provide  pressure-area 
relations  for  use  in  determining  load  criteria  for  cross-structure  bottom  plate, 
panel,  and  grillage  design.  The  effect  of  deformability  of  impact  surfaces  was 
also  investigated  and  the  results  used  to  provide  guidance  in  the  development  of 
load  criteria  for  the  structural  design  of  the  cross  structure  in  the  slamming  area. 
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INTRODUCTION 
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I 

Twin-hull  ships,  including  conventional  catamarans  and  small  waterplane  area  twin  hulls 
(SWATH),  have  attracted  much  attention  in  recent  years  because  of  their  special  suitability 
for  certain  types  of  service.  Their  principal  advantages  over  conventional  monohulls  include 
larger  deck  area  and  volume  for  a specific  displacement  and,  in  the  case  of  SWATH,  improved 
seakeeping. 

Despite  the  fact  that  twin-hull  ships  create  new  design  problems  in  many  areas,  their 
structural  design  (particularly  that  of  the  conventional  catamaran)  has  relied,  until  recently, 

I 

on  existing  technology  for  monohull  ships.  One  of  the  major  problems  is  that  validated 
wave  impact  (slamming)  load  design  criteria  have  not  been  established.  Slamming,  described 
as  an  unsteady  hydrodynamic  impact  phenomenon,  is  often  poorly  predicted  by  available 


mtknt.'iAi 


technology  even  for  monohull  surface  ships.  Catamarans  experience  slamming  leads  most 
frequently  on  the  under  side  of  the  forward  cross  structure. 


In  view  of  this  deficiency  in  slamming  load  criteria,  NSRDC  conducted  several  funda- 
mental theoretical  and  experimental  studies  to  clarify  the  basic  concept  of  slamming.1  Since 
most  models  used  for  the  experiments  had  wedge-shaped  impact  bodies,  application  of  these 
experimental  results  to  the  structural  design  of  the  slamming  areas  of  ship  hulls  requires  mt  re 
experimental  verification,  particularly  as  applied  to  the  cross  structure  of  the  multihull  ship . 
The  objectives  of  the  present  series  of  investigations  are: 

1.  To  establish  experimentally  the  levels  of  realistic  slamming  loads  (or  pressures)  and 
load  distribution  acting  on  a rigid  as  well  as  a deformable  impact  surface  of  the  cross 
structure. 

1 To  correlate  experimental  results  with  a method  for  predicting  slamming  pressure. 

3.  To  provide  guidance  for  determining  load  criteria  for  the  structural  design  of  the 
cross  structure  in  the  slamming  area. 

During  sea  trials  of  USNS  HAYES  (T-AGOR-16),  the  first  oceangoing  catamaran  of  the 
U.S.  Navy,  ihc  ship  experienced  cross-structure  siamming.  Some  of  these  siamming  data  were 
analyzed  to  determine  slamming  pressures  by  means  of  the  prediction  method  gwen  in  this 
report.  These  results  are  summarized  and  compared  in  Appendix  A. 

PREDICTION  OF  SLAMMING  PRESSURE 


l 
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A method  for  predicting  the  three-dimensional  peak  slamming  pressure  in  waves  was 
partially  developed  some  time  ago.2,3  Later  this  method  was  further  develooed,  and  verified 
by  the  results  of  slamming  tests  of  three-dimensional  models  in  both  calm  water  and  waves.4 
Since  the  impact  of  the  cross  structure  on  a wave  surface  involves  pitch  and  htave  as  well  as 
wave  motion,  equations  used  for  predicting  peak  slamming  pressures  must  be  modified 
slightly  to  suit  the  present  impact  conditions.  However,  the  approaches  used  to  obtain  these 
equations  are  identical  to  those  employed  previously. 

Chuang4  demonstrated  that  even  though  the  moving  body  had  a velocity  in  a direction 
other  th*n  normal  to  the  impact  surface,  the  pressure  is  affected  only  by  the  velocity 

, 

'chuang,  S.L.,  "Investigation  of  Impact  of  Rigid  and  Elastic  Bodies  with  Water,"  NSRDC  Report  3248  (Feb  1970).  A 
complete  list  of  references  is  given  on  page  48. 

Chuang,  S.L.,  “Impact  Pressure  Distributions  on  Wedge-Shaped  Hull  Bottoms  of  High-Speed  Craft,"  NSRDC  Report 
2953  (Aug  1969). 

3Chuang,  S.L.,  “Design  Criteria  for  Hydrofoil  Hull  Bottom  Plating,”  NSRDC  Report  3509  (Jan  1971). 

4Chuang,  S.L.,  "Slamming  Tests  of  Three-Dimensional  Models  in  Cdm  Water  and  Waves,”  NSRDC  Report  4095  (Sep  1973). 
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component  normal  to  the  impact  surface.  Furthermore,  the  pressure  which  acts  normal  to 
the  impact  surface  in  the  slamming  area  can  be  separated  into  two  components: 

1.  The  impact  pressure  p,  due  to  the  normal  velocity  component  of  the  impact  body 
normal  to  the  wave  surface. 

2.  The  planing  pressure  pp  oje  to  the  normal  velocity  component  of  the  impact  body 
tangential  to  the  wave  surface.4 

To  estimate  the  peak  impact  pressure  Max  p{,  the  pressure-velocity  relation  may  be  ex- 
pressed in  the  general  form  (see  Figure  1) 

Max  Pj  = k p Vn2  (1) 


where  k = an  arbitrary  constant 

p = mass  density  of  fluid  in  pounds-seconds2  per  foot4 

Vn  = normal  velocity  component  to  the  wave  surface  in  feet  per  second. 

The  impact  pressure  p;  is  in  pounds  per  square  inch. 

The  values  of  k fa-  wedges  and  cones  can  be  determined  from  the  Wagner  wedge  impact 
theory,5  the  Chuang  cone  impact  theory,6  and  NSRDC  drop  tests  of  wedges  and  cones.7 
When  the  impact  angles  £ are  small,  the  k values  determined  by  these  different  methods 
deviate  considerably,  especially  the  comparisons  between  theoretical  and  experimental  values 
(see  Figure  1),  and  it  is  reasonable  to  believe  that  the  experimental  values  are  more  realistic. 
Moreover,  since  the  three-dimensional  hull  form  is  within  the  limits  of  wedge-shaped  and 
cone-shaped  bodies,  the  k values  for  the  impact  of  the  cross  structure  may  be  approximated 
by  the  dotted  line  (labeled  “3-D  prediction”)  shown  in  Figure  1.  This  dotted  line  can  be  ex- 
pressed by  equations  obtained  by  curve  fitting  methods.8  These  equations  are: 


5 *•  * r# 

Wagner,  V.H.,  “Uber  Stosz  und  Gleitvorgange  an  der  Oberfiache  von  Flussigkeiten,”  Zeitschrift  fur  Angewandte 
Mathematik  und  Mechanik,  Vol.  12,  No.  4,  pp.  193-215  (Aug  19321. 

6Chuang,  S.L.,  “Theoretical  Investigations  on  Slamming  of  Cone-Shaped  Bodies,”  Journal  of  Ship  Research,  Vol.  13, 

No.  4 (Dec  1969). 

7Chuang,  S.L.  and  D.T.  Milne,  “Drop  Tests  of  Cones  to  lnvestigete  the  Three-Dimensional  Effects  of  Slamming,”  NSRDC 
Report  3543  (Apr  1971). 

8 

Carnahan,  B.  et  al„  “Applied  Numerical  Methods,”  Chapter  1,  John  Wiley  & Sons,  Inc.,  New  York  (1969). 
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CONE  (TEST  RESULTS 
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1.  For  0 < £ < 2.2  deg: 

k = 0.045813  $2  + 0.149167  $ + 0.32 

2.  For  2.2  < £ < 1 1 deg: 

k = 2.1820894  - 0.9451815  $ + 0.2037541  $ 2 

- 0.0233896  $3  + 0.0013578  t4  - 0.00003132  $s 

3.  For  11  < £ < 20  deg: 

k = 4.748742  - 1.3450284  * + 0.1576516  $ 2 

- 0.0092976  $3  + 0.0002735  t4  - 0.00000319864  $s 

4.  For  20  deg  < $,  (Modified  Wagner  formula): 

k = (1  + 2.4674/tan2  *)  0.76856471/288 


> (2) 


Since  the  models  had  flat  bottom  surfaces,  the  impact  angle  is  simply  the  sum  of  the 
ship  pitch  angle  6p  at  the  time  of  impact  and  the  wave  slope  0w  at  the  point  of  impact  on 
the  v/ave  surface,  i.e., 


f = 6 +0 

% p W 


(3) 


This  equation  applies  to  the  cross  structure  with  a horizontal  flat  bottom.  If  it  is  sloped 
fore  and  aft  due  to  ship  trim,  then  the  trim  angle  is  added  to  the  equation.  Other  configu- 
rations of  the  impact  bottom  surface  will  require  the  use  of  equations  given  earlier  by 
Chrang.4 

The  planing  pressure  acting  normal  to  the  impact  surface  is3 


Max  pn  = — p V 2 ( 1/1 44) 


p 2 

The  total  pressure  due  to  velocity  components  of  the  impact  surface  both  normal  and 
tangent  to  the  wave  surface  is  therefore 


(4) 


P,  = Pi  + Pp  (5) 

usually  pp  is  much  smaller  than  pf  and  may  be  neglected  without  serious  error. 

In  Equations  (4)  and  (5),  V is  the  tangential  velocity  in  feet  per  second,  and  both  the 
planing  pressure  pp  and  the  total  pressure  p(  are  in  pounds  per  square  inch.  The  value  of 
the  mass  density  of  fluid  p is  simply  the  unit  weight  of  fluid  divided  by  the  gravitational 
acceleration  g. 

The  values  of  Vn  in  Equation  ( 1 ) and  V{  in  Equation  (4)  may  be  determined  by  one  of 
two  methods.  The  first,  Method  1,  considers  the  vertical  movement  of  the  wave  surface  and 
the  second,  Method  II,  considers  the  oribiting  velocity  of  water  particles  at  the  wave  surface. 
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METHOD  I (REGULAR  OR  IRREGULAR 
WAVES) 

Consider  that  the  catamaran  moves  with  pitch  and  heave  motions  in  the  waves.  At  the 
time  of  impact,  the  catamaran  has  a pitch  angle  of  0p.  Let  the  coordinate  system  move  with 
the  catamaran  at  a fixed  point  where  motions  are  recorded  (Figure  2),  and  also  let 

Vhe.  = heave  velocity  measured  at  LCG  of  moving  catamaran 

Vwiv  = vertical  velocity  of  wave  surface  measured  at  the  impact  point  of  moving 
catamaran  (i.e.,  when  the  catamaran  moves  with  horizontal  velocity  Vh  and 
the  wave  moves  with  wave  celerity  Vw .) 

Vp  * linear  pitch  velocity  at  the  impact  point 
The  relative  vertical  velocity  V is  then 


The  velocity  component  Vn|  normal  to  the  impact  surface  is  then  the  sum  of  the  Vv  compo- 
nent normal  to  the  impact  surface  and  Vp  the  linear  pitch  velocity  which  is  normal  to  the 
impact  surface,  i.e., 


v„,  - Vv  cos  0p  + vp 

= <Vhe.  - Vw.v>  COS  0P  + Vp 

Since  the  angular  pitch  velocity  0p  is  measured,  the  linear  pitch  velocity  Vp  at  the  impact 
point  can  be  obtained  by  the  equation 

V = 0 E (6) 

p p 

where  E is  the  distance  between  the  longitudinal  center  of  gravity  (LCG)  and  the  particular 
impact  point  of  concern. 

Since  the  pulse  of  the  impact  pressure  lasts  only  a few  milliseconds,  the  e,?ent  of  impact 
occurs  only  at  and  very  near  the  wave  surface  of  the  sea.  Therefore,  it  is  reasonable  to 
assume  that  the  impact  velocity  is  equal  to  the  relative  velocity  between  the  impact  surface 
of  the  moving  body  and  the  wave  surface.  Based  on  this  hypothesis,  the  normal  and  the 
tangential  velocities  of  the  impact  surface  to  the  wave  surface  are 

V ' = V cos  (0  - 0 ) 
n m v p w ' 


Vt  - Vns  (*p  " *w> 
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Since  the  Vn'  used  for  estimating  the  impact  pressure  by  Equation  (1)  has  been  referred 
to  as  Vy  for  Equation  (2)  when  the  wave  slope  0W  is  zero,  it  is  necessary  to  divide  V ' by 
cos2  0p  so  that  Equations  (1)  and  (2)  can  be  used  for  the  present  prediction.  Then  the  combi- 
nation of  the  above  equations  and  Vn  = Vn’/cos2  0p  becomes 

I 

V„,  = <Vh,.  - Vwt¥)  cos  0p  + Vp  1 

Vn  * Vn,  C0S^p  -0W)/C°S2  0p  > (7) 

Vt*V„ssin(0p-0w)  J 

The  vertical  movement  of  the  wave  surface  Vwtv  is  produced  by  the  horizontal  move- 
ments of  ♦’  e impact  body  and  the  wave  celerity.  Although  neither  the  ship  speed  nor  the 
wave  celerity  is  involved  in  the  equation,  these  two  terms  are  actually  included  in  Vwav.  The 
computer  program  for  this  method  (Method  I)  is  given  in  Table  1. 


METHOD  II  (REGULAR  WAVES  ONLY) 


If  the  orbital  motion  of  water  particles  is  considered  and  if  the  wave  is  regular, 
the  wave  surface  has  the  following  properties  (Figure  3): 


Wave  number:  kj  = 2 jt/Lw 

Orbiting  velocity:  V0  = kj  h Vw 

Wave  slope:  0W  = kj  h cos  kj(y  - \'w  t) 

Maximum  wave  slope:  0„„.  = k,  h 

Normal  velocity:  Vn^  = V0  cos(0o  + 0W) 

Tangential  velocity:  V,  = VQ  sin(0o  + 0W) 

Orbiting  angle:  0O  = kj(y  - Vw  t) 

Consider  that  the  ship  has  horizontal  velocity  Vh,  heave  velocity  V„e.. 

Then,  similar  to  the  previous  method  of  derivation, 


> (8) 


and  pitch  velocity 


TABLE  1 - COMPUTER  PROGRAM  FOR  PREDICTING 
SLAMMING  PRESSURE  BY  METHOD  I 


1 

i 


100  PROGRAM  CAT( INPUT, OUTPUT) 

HOC  PREDICTION  OF  SLAMMING  PRESSURE  OF  CATAMARAN 
120C  RUN  NO 
125C  CASE  NO 

130  TDrPITCH  ANGLE  IN  DEG 

140  PRERECORDED  IMPACT  PRESSURE  IN  PSI 

130  WSD=WAVE  SLOPE  IN  DEG 

160  X=TD-VSD 

170  T=. 0174533* TD 

180  VS=. 01 74533* VSD 

190  Xl=.0l74533*X 

191  VHEArHEAVE  VELOCITY  IN  FPS 

192  WAV- VERTICAL  VELOCITY  OF  WAVE  SURFACE  IN  FPS 

193  VV=VHEA-VWAV 

194  VP= VERTICAL  VELOCITY  DUE  TO  FITCH  , FPS 
200  VNSsVV*C0S(T)+yP 

210  VN=<VNS*C0S(XI)>/<C0S<T>**2> 

220  VTrVNS*SIN(XD 
230  PPC: 0.006 736* {VT*VT) 

240  X=ABS(X) 

250  IF(2.2-X)20,20, 10 
260  10  AK=.37*X/2.2+.5 
270  GO  TO  45 

280  20  IF< 11. -X>30, 30,25 

290  25  AK=2. 1820894-.945 1813*X+.2037541*X**2-.0233896*X**3 
300  AK=AK+.0013578*X**4-.00003132*X**5 
310  GO  TO  45 

320  30  IF(20.-X)40,40,35 

330  35  AK=4. 748742- 1.3450284*X+. 15765 16*X**2-.0092976*X**3 
340  AK=AK+.0002735*X**4-. 000003 19864*X**5 
350  GO  TO  45 

360  40  AK-.76856471*(l.+2.4674/(TAN(Xl )**2) )/288. 

370  45  PIC=1.94*AK*VN**2 

380  PNC=PPC+PIC 

381  C=(PNR-PPC)/U.94*VN**2> 

390  PRINT  80, VN, VT,X,C 

400  80  F0RMAT(2X,  1 1H  VN(FPS)  = ,F7.3,11H  VT(FPS)  = ,F7.3, 
405  + UH  X(DEG)  = ,F7.3,6H  C = , F5.3) 

410  PRINT  100, AK, PNC, PNR 

420  100  F0RP1AT(8X,5H  K = ,F7.5,I1H  PNC(PSI):  ,F7.3, 

430  + 11H  PNR(PSI):  ,F7.3) 

440  STOP 
450  END 
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vn,  = Vh„  cos  0p  + Vh  sin  flp  + Vp 

V„  = Vn,  co*9p  - M«*2  0F  + V„0 
Vt=V„,«^p  -0w)-V«. 


EXPERIMENTAL  METHOD 


DESCRIPTION  OF  MODELS 


An  existing  ASR  catamaran  model  was  utilized  for  the  present  series.  The  model  and  the 
test  arrangement  are  shown  in  Figure  4.  This  model  was  designated  NSRDC  Model  5116  and 
represented  the  final  design  of  an  auxiliary  submarine  rescue  ship  (ASR-21).  Each  hull  of 
the  model  was  10.91  ft  long  and  1.22  ft  wide  with  a draft  of  0.89  ft  and  a scale  ratio  of 
21.28.  The  total  width  of  the  model  was  4.04  it  with  a 19-in.  wide  cross  structure  between 
the  two  hulls;  its  total  weight  was  800  lb. 

The  cross-structure  model  sections  were  made  of  aluminum.  Two  sets  of  cross-structure 
models  were  tested,  one  with  1/4-in.  bottom  plate  panels  for  rigid  body  impact  and  the  other 
with  1 /32-in.  plate  for  deformable  body  impact.  Each  cross-structure  model  consisted  of 
three  separated  boxes  which  could  be  raised  or  lowered  either  together  or  independently  to 
achieve  different  clearances  of  the  cross  structure  above  the  water.  The  length  of  the  box  was 
32  in.,  and  the  total  length  of  the  cross  structure  was  8 ft.  The  box  was  19  in.  wide  and  was 
located  between  two  hulls.  Three  heights  of  cross  structure  were  tested,  i.e.,  4 1/4,  7 1/4, 
and  10  1/4  in.  above  the  water  surface. 


TEST  PROCEDURE 


The  model  was  tested  and  towed  at  its  LCG  in  regular  wave  and  head  seas  only  with  a 
speed-length  ratio  of  up  to  1.0  (or  model  speed  up  to  3.3  knots).  The  tank-generated  waves 
ranged  in  length  from  less  than  10  ft  to  a little  over  30  ft  and  in  height  up  to  about  2 ft 
crest-to-trough. 

Details  of  the  test  assembly  can  be  viewed  in  Figure  4.  The  model  was  attached  to  the 
towing  gear  and  the  gear  was  attached  to  the  towing  carriage.  The  towing  gear  was  guided 
and  free  to  move  in  the  vertical  direction  only,  and  the  model  was  free  to  rotate  in  pitch 
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Towing  Position  r Reprodu,ed  from 

best  available  co 


only  at  the  intersection  of  its  LCG  and  VCG.  The  carriage  traveled  at  a constant  speed 
during  each  test  run.  Pressures,  accelerations,  deflections,  pitch,  heave,  wave  height,  and 
relative  displacement  between  the  wave  surface  and  the  moving  bow  of  the  model  were 
recorded.  Locations  of  these  transducers  are  shown  in  Figure  5.  Methods  of  data  collection 
and  reduction  are  given  in  Appendix  B. 

INSTRUMENTATION  SYSTEM 

A detailed  description  of  the  instrumentation  has  already  been  given;  see  Appendix  A in 
Chuang  and  Milne.7  Briefly,  it  consisted  of  quartz-crystal  pressure  transducers,  charge  ampli- 
fiers, d-c  amplifiers,  and  a tape  recorder.  The  enure  recording  system  had  the  ability  to  pick 
up  and  record  any  high-frequency  acoustic  pressure  caused  by  the  impact  of  the  moving  body 
on  the  water  surface.  In  addition,  two  sonic  probes  were  installed,  one  at  the  towing  carriage 
in  front  of  the  model  for  measuring  the  wave  profile  during  the  course  of  impact  of  the 
model  on  the  waves  and  one  attached  to  the  model  for  measuring  the  relative  displacement 
between  the  wave  surface  and  the  model  at  the  bow.  These  locations  are  indicated  in 
Figure  5. 

RESULTS  AND  DISCUSSION 

The  test  results  presented  and  discussed  in  this  section  are  divided  into  four  areas: 

(1)  the  peak  impact  pressure  at  a selected  point  where  the  highest  impact  pressure  is  likely  to 
occur;  (2)  the  average  impact  pressure  at  a selected  area  where  impact  is  likely  to  occur; 

(3)  the  effect  of  the  deformation  of  the  impact  surface  on  the  impact  pressure;  and  (4)  other 
effects  on  the  impact  pressure,  such  as  cross-structure  clearance,  ship  speed,  wave  celerity,  etc. 

EXPERIMENTAL  AND  PREDICTED  PEAK 
SLAMMING  PRESSURE 

Examination  of  experimental  records  indicated  that  the  highest  peak  pressures  usually 
occurred  at  the  PI  pressure  gage  which  was  placed  at  the  foremost  centerline  location  of  the 
cross  structure  (see  Figure  5 for  location).  The  finding  was  not  unexpected  since  the  cross- 
structure model  had  a flat  bottom  and  the  highest  peak  impact  pressure  should  have  occurred 
at  its  centerline  location.1  Therefore,  the  PI  pressures  were  in  reasonable  agreement  with 
the  values  obtained  from  predictions. 
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The  records  showed  a great  many  test  runs  that  were  not  characteristic  of  slamming  in 
regular  waves.  For  example,  the  impacting  wave  surfaces  may  have  been  somewhat  distorted 
or  irregular.  The  peaks  of  the  impact  pressures  generated  by  these  imperfect  slammings  were 
damped  and  much  below  the  predicted  values,  e.g.,  Run  387,  Cases  II  and  III  of  Table  2. 

For  that  reason,  only  those  slamming  events  with  generally  typical  or  characteristic  pressure 
pulse  profiles  were  analyzed  and  compared  with  the  predictions. 

Method  I was  used  for  the  predictions  because  most  wave  records  showed  the  irregularity 
noted  above  and  thus  it  was  difficult  to  determine  wave  orbiting  velocity  with  reasonable 
accuracy  as  required  by  Method  II.  Method  I uses  the  vertical  velocity  of  the  wave  surface  at 
a given  point,  and  this  can  be  determined  from  the  wave  record.  Other  velocities  were  ob- 
tained from  Equation  (7).  The  calculated  and  recorded  values  of  the  peak  impact  pressures 
are  summarized  in  Table  2.  Considering  the  difficulty  in  defining  such  wave  properties  as 
velocities,  wave  surface,  impact  angles,  etc.  that  affect  the  prediction  results,  the  agreement 
is  considered  very  good. 

Perhaps  the  greatest  uncertainty  during  the  test  involved  measurement  of  the  wave  pro- 
file. Because  the  wavemeter,  a sonic  probe,  was  located  several  feet  from  the  model  (see 
Figure  5 for  location),  some  discrepancy  undoubtedly  existed  between  the  measured  wave 
profile  and  the  wave  profile  at  the  point  of  impact. 

Also  shown  in  Table  2 are  the  k values  calculated  from  the  equation 

Recorded  max  P,  - Calculated  P„  = k p V„2 

t p n 

Figure  6 compares  these  k values  with  the  prediction  line  for  the  three-dimensional  slamming 
indicated  in  Figure  1.  Again,  the  agreement  is  very  good. 

The  angles  of  the  cross-structure  bottom  impact  £,  shown  in  Figure  6,  are  not  the  dead- 
rise  angles  of  the  model  (3.  Since  the  bottoms  of  the  cross-structure  models  are  flat,  the 
values  of  deadrise  angles  are  always  zero.  But  the  angle  of  impact  £ varies  up  to  20  deg  or  ' 
more.  The  angle  of  impact  £ for  the  present  case  is  the  sum  of  the  pitch  angle  and  the  wave 
slope,  as  given  by  Equation  (3). 

The  second  method  of  prediction  (Method  11,  which  considers  the  oribiting  velocity  of 
the  water  particles  of  the  wave)  was  used  for  a limited  number  of  cases.  The  comparisons 
between  predictions  and  test  results  were  also  considered  reasonably  good.  However,  since 
further  studies  are  needed,  the  presentation  >s  omitted  at  the  present  time. 


15 


TABLE  2 - COMPUTER  RESULTS  BY  METHOD  1 


i 
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TABLE  2a  - RIGID  CROSS-STRUCTURE  MODEL  AT  LOW  POSITION  (4  1/4  IN.  CLEARANCE) 


Run 

T 

Mr 

MC 

1 

Vs  1 
knots 

C«u 

°p 

deg 

0 

Ml 

deg 

£ 

6*9 

Vha. 

fp* 

1 

V 

MIV 

»P* 

H 

k 

Eq  MM2) 

k 

Computer 

Rac'd 

P, 

Calc 

P, 

9 

1.4 

066 

1 

945 

0 

9 45 

1 73 

0 

1 97 

0175 

0 126 

341 

4 72 

II 

4.45 

-1.53 

292 

082 

0 22 

081 

0669 

1 074 

307 

1 91 

12 

1 4 

1 98 

- 4 45 

1 22 

323 

0 86 

0 15 

1 60 

0 604 

0 604 

83 

829 

21 

1.4 

1 98 

334 

4 03 

7 37 

1 02 

-0  ’4 

0 

0 245 

0 438 

26 

1 45 

23 

1.71 

086 

1 

3 89 

344 

7 33 

081 

-0  59 

1 29 

0 247 

0347 

4 82 

343 

II 

- Oil 

323 

934 

1 04 

-0  56 

1 29 

0 178 

0232 

3 73 

286 

24 

1.71 

1 32 

- 6 11 

2 90 

901 

1 25 

0 56 

1 21 

0 1P7 

0 181 

2 83 

329 

25 

171 

1 85 

- 6 67 

331 

9 98 

1 21 

067 

1.36 

0163 

0 140 

283 

328 

31 

1.71 

1 32 

- 764 

0 

764 

1 29 

0 

1 64 

0234 

0 179 

302 

394 

30 

1.71 

086 

- 8 55 

8 1 

14  65 

1 16 

1 397 

115 

0086 

0091 

231 

2 18 

37 

1.71 

i 32 

1 

- 8 18 

0 

8 18 

1 81 

0 

119 

0214 

0139 

2 44 

3 77 

K - 

8 18 

0 

8 16 

2 18 

0 

1 64 

0214 

0218 

6 23 

8 12 

- 7 08 

355 

10  63 

1 '7 

066 

1.04 

0150 

0110 

2 57 

349 

IV 

-1090 

0 

10  90 

1.77 

0 

1 64 

0 145 

0134 

309 

3 33 

39 

1.71 

1 98 

1 

- 4 91 

93 

1421 

0.27 

1 96 

1 19 

0090 

0 122 

2 63 

1 94 

854 

5 01 

1 53 

1 98 

1 06 

071 

0 757 

0661 

347 

398 

1 . 1 

n 

8 72 

34 

12  12 

234 

-0  72 

141 

0 117 

0119 

456 

448 

Note  F o»  Rum  31  36  37,  and  39  the  madiecnon  mt  raised  to  the  high  potdion,  and  the  I onward  and  a<t  end  taction*  ramainad  at  tht  low  poaition. 


TABLE  2b  - RIGID  CROSS-STRUCTURE  MODEL  AT  MIDPOSITION  (7  1/4  IN.  CLEARANCE) 


Run 

T 

Ml 

vec 

Vs 

knot* 

Cast 

°p 

6*9 

O* 

deg 

£ 

deg 

Vn.. 

IP* 

V 

Mrav 

‘P* 

H 

k 

Eq  111,(21 

k 

Computer 

Reed 

P, 

Calc 

p, 

41 

1 71 

066 

n 

- 8 61 

3 |8 

11  99 

1 59 

-058 

1.37 

0 120 

0 126 

3 02 

287 

- 9 16 

651 

15  67 

1.45 

-1.12 

1 44 

0 077 

0 099 

2 96 

231 

69 

24 

2 64 

II 

- 8 89 

3 56 

1245 

2 87 

-1  04 

-0  76 

0 112 

0 112 

2 1 

209 

II** 

- 8 39 

5 58 

14.47 

3 04 

-1  63 

-0  4: 

0 087 

0 067 

2 23” 

2 93 

72' 

1 71 

1 32 

l 

- 7 78 

-0  77 

701 

2 15 

015 

:* 12 

0 260 

0 135 

>4  52’ 

8 69 

II 

- 8 89 

4 46 

13  35 

2 26 

-085 

0 76 

0 099 

0 131 

3 71 

281 

88 

1,71 

0 66 

- 8 33 

7 23 

15  56 

1 34 

—1.25 

1 4*1 

0 078 

0 166 

50 

2 35 

89 

1.71 

066 

-156 

-4  6 

11.00 

2 26 

0 79 

1 9 

0 143 

0 126 

3 02 

3 43 

91 

1 71 

1 65 

- 8 33 

0 56 

889 

241 

-Oil 

0 87 

0.191 

0 158 

354 

4 27 

92 

1 71 

1 98 

l 

-1000 

0 

1000 

234 

0 

1 52 

0 162 

0 138 

4 05 

4 75 

II 

- 5 68 

8 95 

14.61 

0 98 

-1  89 

0 69 

0086 

0 146 

341 

201 

96 

1 71 

0 

-13  80 

-5  42 

8 38 

1.85 

083 

243 

0 207 

0 136 

341 

5 18 

115 

20 

066 

-10  55 

0 

1055 

2 51 

0 

1 25 

0 151 

0 173 

4 81 

4 20 

122 

20 

1 32 

- 7 22 

0 

7 22 

1.75 

o 

0 68 

0 751 

0 279 

3 21 

2 89 

124 

20 

1 98 

1 

- 3 9 

1 43 

1033 

2 37 

-034 

0 68 

0 55 

0 168 

3 73 

3 45 

II 

- 89 

0 

8 9 

- 

1 

0 

0 95 

0 191 

0 192 

3.21 

3 18 

PI  4 ?7.  P0  4 5?  therefore  »eco«ded  Pf  should  be  greater  than  4 5?  pi». 
Record  damped 
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TABLE  2c  - RIGID  CROSS-STRUCTURE  MODEL  AT  HIGH  POSITION  (10  1/4  IN.  CLEARANCE) 


Run 

m 

V 

knots 

Cm 

M 

«. 

t*fl 

{ 

<*9 

V. 

fps 

?r 

< 



VP 

♦ps 

k 

Eq.  (1).{2) 

k 

Computer 

Rac'd 

P. 

Calc. 

P, 

131 

1.71 

1.32 

- 9.23 

8.77 

18.00 

1.91 

-1.30 

1.85 

0.074 

0.105 

5.01 

3.54 

133 

1.71 

1.96 

it 

- 8.06 

8.41 

1849 

1.83 

-1.78 

-024 

0 070 

0.069 

1.42 

146 

136 

1.71 

1.32 

- 8.06 

5.33 

13.41 

1.63 

-1.04 

0.79 

0098 

009; 

2 12 

2.22 

137 

1.71 

1.65 

- 6.35 

6.97 

13.32 

2.0 

-1.41 

0 39 

0099 

0.048 

1.3 

268 

140 

1.71 

1.32 

m 

-10.4 

3. OS 

13.49 

1.83 

-0.59 

0 37 

0.097 

0095 

1.41 

1.45 

142 

1.71 

1.96 

- 6.92 

3.51 

10.43 

208 

-0.74 

0 

0.153 

0.135 

205 

232 

145 

1.4 

1.65 

■ 

- 8.08 

5.75 

13.83 

1.23 

-1.00 

0.32 

0.094 

0.113 

1.38 

1.14 

154 

d 

2.64 

LI 

- 8 92 

2.31 

9.23 

1.67 

-0.59 

-0.42 

0.181 

0168 

109 

1.17 

TABLE  2d  - ELASTIC  CROSS-STRUCTURr  MODEL  AT  MIDPOSITION 


Run 

T„ 

MC 

vk 

knots 

CaM 

flP 

d* 

des 

t 

*9 

Vh.. 

fps 

V 

w»v 

fps 

VP 

fps 

k 

Eq.  (11.(2) 

k 

Computer 

Rec’d 

P. 

Calc. 

P, 

192 

1.4 

1.85 

- 3.92 

0.871 

4.79 

0.954 

-0.151 

0.308 

0.396 

0.664 

2.57 

i.bJ 

206 

1.4 

1.98 

- 8.259 

3.203 

11.46 

1.892 

-0.588 

1.36 

0.131 

0.103 

2.833 

3.33 

211 

1.71 

1.85 

-11.001 

2.922 

13.922 

2.83 

-0.59 

103 

0.093 

0.088 

3.34 

3.52 

212 

1.71 

1.98 

1 

-13  211 

3.713 

16.92 

3.231 

-0  784 

0.95 

0.067 

0064 

3.019 

3.16 

.1 

- 8.257 

7.431 

15.69 

2 365 

-1.569 

0 64 

0.077 

0 068 

3.404 

297 

218 

a 

1.65 

-11.01 

5.174 

16.18 

3 231 

— 1.176 

1.33 

0.073 

0.112 

6.937 

4.50 

251 

1.71 

1 32 

- 6.792 

7.924 

1472 

1.495 

— 1 519 

1.13 

0.085 

0.085 

2.698 

271 

253 

1.71 

1.98 

- 6.792 

7.196 

1399 

7.039 

-1.519 

1.01 

0.092 

0086 

3.340 

358 

254 

1.71 

264 

-11.321 

6.423 

17.74 

1.728 

-1  481 

1.06 

0.062 

0080 

2.698 

2.09 

256* 

Hi 

1.32 

-13.019 

-0.848 

12.1 1 

3.612 

0.185 

2.11 

0116 

0.092 

5 625* 

7.11 

257*  * 

m 

1 65 

-10.189 

6028 

16.'.  2 

4.097 

-1.37 

0.78 

0 073 

0 069 

5.03** 

527 

259 

a 

264 

-12.453 

1.301 

K.75 

3.748 

-0.333 

0.35 

0 095 

0 102 

3.854 

358 

‘pi  so™  P7  5 626(u«dl 
“pi  = 4.1 1 1 P2*S03luwdl 
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352*  2.0 


TABLE  2e  - ELASTIC  CROSS-STRUCTURE  MODEL  AT  LOW  POSITION 


I 


9.50  1.86 

6.93  1.31 

1.67 
610  21 
6.30  1.71 

7 92  2 06 

4 32  1.41 

14.06 
1124  1.8 

6.75  282 

9 62  2 55 

15.30  2.61 

1020  3.14 


0.04  | 1.71 
2.51 


0.11  205 
0.22  1.51 


k 

Eq.  OU2) 

k 

Computer 

0.174 

0108 

0264 

0177 

0 202 

0170 

0.217 

0232 

0210 

0146 

(.-■24 

0.156 

0.442 

0406 

0.091 

0073 

0 137 

0144 

0.168 

0.138 

0.171 

0081 

0080 

0081 

0 158 

0.125 

Rac'd  Calc 


ai  • is  luwdi  4.31  i 


TABLE  2f  - ELASTIC  CROSS-STRUi  ;URE  MODEL  AT  HIGH  POSITION 


°p 

deg 

dag 

i 

dag 

V. 

*P» 

v«. 

wav 

*P* 

K9 

k 

Eq.  111.12) 

k 

Computer 

Rac'd 

P, 

Calc. 

o, 

13  05 

032 

287 

0.08 

062 

0107 

0132 

302 

2 45 

119 

-1.44 

2.73 

0 33 

0.81 

0153 

0 065 

1.32* 

3.12 

119 

2 07 

983 

280 

0.48 

1.24 

0.166 

0 065 

1-64* 

420 

- 9 9 

1 23 

11.03 

308 

-0.29 

1 16 

0.142 

0124 

495 

567 

1 1 88 

5.45 

17.33 

2.12 

-1.02 

097 

0 065 

0.085 

2 70 

205 

13  6 

396 

17  56 

1.96 

-066 

1.20 

0063 

0 062 

1 74 

1 76 

-13.0 

-1.87 

11.13 

3.20 

0 378 

1.31 

0140 

0 085 

289 

4.77 

-11.0 

399 

14.99 

3.14 

-0813 

1 37 

0.083 

0.075 

405 

445 

-11.9 

892 

18.82 

2.96 

-1.13 

093 

0.057 

0083 

385 

226 

-11.3 

5.02 

16.32 

2.70 

-1.06 

-016 

0.072 

0189 

4.56 

1.73 

-11.3 

3 70 

15.00 

2 18 

-094 

023 

0.083 

0155 

244 

1 30 

-184 

3 81 

12.59 

3.54 

0 755 

0.70 

0.109 

0.184 

4 56 

2.71 

-125 

-282 

9.68 

346 

064 

0085 

0169 

0.130 

2 18 

2.83 

-14.7 

696 

21  66 

383 

-1.59 

0.93 

0044 

0045 

334 

328 

-1302 

4.42 

17  44 

4.31 

-1.13 

-0.74 

0064 

0.060 

244 

262 

Recorded  prftture  pui*e  damped 


Figure  6 — Comparisons  of  Predicted  and  Measured  Peak  Slamming  Pressures 

(prnax  is  in  pounds  per  square  inch,  p in  dugs,  and  Vn  in  feet  per  second) 


SLAMMING  PRESSURE  DISTRIBUTION 

The  experimental  records  showed  that  there  was  little  or  no  slamming  at  the  midsection 
of  the  cross  structure,  some  slamming  at  its  aft  section,  and  more  serious  slamming  at  the 
forward  section.  Thus  slamming  pressure  distribution  was  checked  for  the  entire  bottom  of 
the  forward  section. 

The  locations  of  pressure  gages  on  the  forward  section  for  both  the  rigid  and  the 
deformable-body  models  are  indicated  in  Figure  5.  Since  all  records  showed  that  all  the 
pressure  pulses  were  very  irregular  in  shape,  the  same  weight  was  applied  to  average  those 
pressure  readings  at  any  presented  time  t.  For  the  rigid-body  model,  five  different  averages 
were  taken  for  the  pressure  readings  of  the  forward  section  area;  these  averages  were  tabu- 
lated and  are  given  in  Table  3.  The  five  averages'  are 

Pgve1  * lPi  + P2  + P3  + Pg  + P*  + <Pfi  + P7)/21/6 
five11  * lPi  + Pi  + P 3 + (Pfi  + P7)/21/4 
P.veIIl3S[Pl  +P8)/2 
P«veIV  = lPi  + P8  + P2  + (P6  + P7  )/2]/4 

P.veV=[P2+rP5+P7>/2)/2 

The  areas  used  to  take  the  average  impact  pressures  at  the  forward  section  of  the  cross 
structure  are  indicated  by  the  shaded  areas  in  Figure  7.  For  the  elastic  model,  only  p#veII  was 
tabulated;  it  is  also  given  in  Table  3. 

The  experimental  records  showed  that  when  the  impact  angle  with -the  wave  surface  was 
not  zero  during  slamming,  the  peak  pressures  at  individual  points  did  not  occur  at  the  same 
time.  Therefore,  it  is  obvious  that  the  localized  peak  pressure  is  higher  than  the  average 
pressure  over  a larger  area.  Their  differences  generally  depend  on  the  sizes  cf  impact  angles. 

If  the  angles  are  small,  their  differences  are  small;  if  the  angles  are  large,  their  differences  are 
large.  The  data  in  Table  3 and  Figure  7 also  indicate  that  the  average  pressure  is  usually  less 
over  the  larger  area  than  over  the  smaller  area.  For  example,  as  indicated  in  Table  3, 


Averaging  reading!  were  taken  at  the  same  i:  *snt. 


20 


TABLE  3 - MEASURED  PRESSURE  DISTRIBUTION  OF  FORWARD 
SECTION  BOTTOM  OF  CROSS-STRUCTURE  MODEL 

(Value*  shown  are  maximum  pressures  in  pounds  per  square  inch.  The  highest  preswre 
in  each  event  is  indicated  by  a tingle  asterisk.  Values  too  smalt  to  read  are  indicated  by 
a double  asterisk.) 

TABLE  3a  - RIGID  MODEL  AT  LOW  POSITION  (4  1/4  IN.  CLEARANCE) 


Run 

Event 

Casa 

Shown  in 
Table  2 

31 

1 

P6  P7  P8  PI 


1.0* 

0 

0 

0 

0 

2.2* 

0.35 

0.3 

0.4 

3.1 # 

2.9 

0.5 

1.45 

1.4 

0.6* 

0.15 

— 

0.1 

0.1 

1.1 

1.25* 

0.1 

0.5 

0.8 

1.65* 

09 

- 

0.25 

0.45 

1.16 

1.45* 

0.3 

0.2 

0.6 

0.45 

1.4* 

0.25 

0 7 

0.6 

025 

0.4* 

0.15 

0.05 

0.25 

2.5* 

2.05 

1.15 

1.0 

1.1 

0.5 

1.2* 

06 

0.6 

0.5 

1.2 

1.4* 

0 06 

0.25 

0.7 

2.8 

0.95 

- 

0.7 

0.75 

3.1* 

1.45 

0.2 

0.6 

0.6 

22* 

1.5 

0.3 

0.5 

0.7 

07 

0.95 

— 

— 

0.1 

2 7* 

0.55 

— 

0 2 

0.2 

26* 

1.6 

- 

09 

1.6 

1.4 

1.75 

0.3 

1.0 

1.0 

1.95* 

1.05 

- 

0.3 

0 95 

3 1 

4.0* 

0.7 

20 

3.5 

0.55 

1.1* 

- 

0.5 

1.05 

0.7 

0.1 

0.2 

0.25 

2.0 

- 

0.8 

1.4 

"Higheit  maximum  pressures  within  the  event.  Values  too  small  to  read. 
NOTES;  P I * 1/6  (PI  + P2  + P3  + P8  + P9  + 1/2  <P6  + P7));  with  P9  - 0 


Pave"  * 1/4  ,P1  + P2  + P3  + 1/2  (P6 
Pave,M  = 1/2  ,P1  + P8' 

PaveIV  ' 1/4  ,P1  + P8  + P2  + 1/2  <P8 

PaveV  ' 1/2  ,P2  + 1/2  ,P6  + P7,i 


- 

0.6 

0.15 

0.15 

- 

1.0 

0.9 

- 

m 

0.9 

- 

0.3 

0.15 

2.2* 

1.9 

0.B 

1.7 

3.8 

0.3 

0.25 

0.65 

- 

0.6 

0.15 

0.25 

0.5 

■all 

■ 

•Vt 

M 

0.35 

04 

0.65 

2.1 

1.1 

1.6 

0.9 

3.5 

M 

1 9 

0.2 

1.0 

2.8 

1.0 

1.4 

2.3 

1.75 

2.4 

1.6 

0.3 

0.4 

1.5* 

0.35 

0.5 

1.3 

0.4 

0.65 

15 

0.37 

0.5 

0.8 

0.17 

0.25 

1.3 

0.30 

0.45 

3.5* 

0.58 

0.30 

0.6 

0.25 

0.35 

2.0* 

0.50 

0.7 

1.1 

0.45 

0.6 

2.2* 

0.4 

0.45 

1.05 

0.6 

0.85 

1.2 

1.15 

1.7 

0.15 

0.6 

0.35 

0.15 

0.8 

0.45 

Valuti  too  imall  to  rsad. 

TABLE  3c  - RIGID  MODEL  AT  HIGH  POSITION  (10  1/4  IN.  CLEARANCE) 


Figure  3d-  Elastic  Model  at  Midposition 


Run 

251 

252 

253 

256 

257 

258 

259 
264 


P2 

P3 

P6 

P7 

P II 

M 

1.3 

1.0 

2.1 

1.35 

0.8 

0.15 

0.1 

0.15 

0.05 

0.17 

1.25 

0.2 

1.75 

0.9 

0.45 

0.8 

0.351-1.2) 

0.8 

0.8 

0.6 

1.5 

0.6 

0.9 

0.9 

0.75 

0.3 

-0.4 

0.05 

0.25 

0.35 

1.2 

0.1 

0.65 

0.75 

0.95 

1.1 

0.5 

1.0 

0.6 

0.45 

0.85 

0.75 

0.7 

0.4 

0.5 

0.65 

0.651-0.5) 

0.5 

0.3 

0.3 

2.95 

0.2 

4.3* 

1.25 

0.95 

0.5 

0.05 

0.35 

0.25 

0.25 

1.2 

1.0 

1.6 

0.85 

1.1 

0.35 

1.75 

1.1 

0.65 

1.15 

0.45 

0.95 

0.9 

0.7 

2.2 

0.5 

3.2 

1.7 

1.0 

0.85 

0.3 

1.25 

0.8 

0.55 

1.85 

0.75 

1.25 

0.8  | 

0.85 

2.25 

0.9 

2.15 

2.9* 

1.3 

2.15 

0.4 

3.8* 

1.85 

1.2 

1.25 

1.15 

1.2 

1.0 

0 75 

1.25 

0.851-2.2) 

13 

1.0 

0.5 

3.2* 

0.91-1.2) 

2.3 

0.85 

1.45 

1.4 

0.5 

1.5 

1.45 

0.55 

9.4 

-0.4 

0.4 

0.2 

0.35 

0.65 

0.15 

15 

1.8* 

0.55 

0.5 

0.05 

0.1 

0.2 

0.55 

0.45 

0.05 

■ H«i 

0.25 

0.25 

0.75 

0.45 

0.9 

0.4 

0.7 

1.15 

-055 

1.0 

1.35* 

0.5 

TABLE  3*  - ELASTIC  MODEL  AT  LOW  POSITION 


* 

f 


Run 

Event 

Cate 

Shown  in 
Table  2 

PI 

P2 

P3 

P6 

P7 

P I! 

tve 

317 

1 

1.2* 

0.25 

0.15 

0.2 

0.1 

0.27 

2 

1.5* 

0.25 

0.05 

0.3 

0.1 

0.35 

325 

1 

1.2* 

0.15 

0.05 

0.1 

Misting 

0.25 

2 

1.4* 

0.2 

0.05 

0.1 

0.25 

0.37 

3 

1.8* 

0.15 

0.05 

0.15 

0.25 

0.45 

4 

1.6* 

0.7 

0.05 

0.6 

0.6 

0.45 

5 

2.1* 

2.0 

0.35 

1.5 

1.45 

0.67 

6 

3.1* 

0.7 

0.25 

0.8 

0.6 

0.7 

7 

1 

3.5* 

1.3 

0.7 

1.5 

1.45 

0.87 

8 

1.5* 

0.3 

0.1 

0.2 

0.25 

0.4 

9 

1.0 

1.2* 

0.15 

0.4 

0.3 

0.3 

10 

2.75* 

0.65 

0.1 

0.65 

0.4 

0.95 

11 

3.15* 

1.5 

0.9 

1.5 

2.4 

0.8 

327 

1 

1.9* 

1.4 

0.35 

0.6 

0.4 

0.45 

2 

0.75* 

0.25 

0.05 

0.05 

0.05 

0.2 

3 

3.5* 

0.5 

1.0 

0.8 

0.4 

0.87 

4 

2.8 

3.6* 

0.2 

2.35 

1.4 

1.35 

5 

1.2 

0.6 

0.2 

1.25* 

0.8 

0.5 

6 

1.1 

0.7 

0.3 

1.35* 

0.5 

0.7 

331 

1 

2.8* 

0.3 

0.4 

0.45 

0.4 

0.7 

2 

2.9* 

0.5 

0.3 

0.65 

0.7 

0.7 

3 

2.5* 

0.5 

0.1 

0.6 

0.4 

0.65 

4 

1.4* 

0.6 

0.55 

0.55 

0.45 

0.4 

334 

1 

2.75 

2.35 

0.3 

1.85 

2.8* 

0.9 

2 

3.3 

2.2 

0.9 

4.6* 

1.85 

1.6 

3 

2.3 

1.85 

0.7 

2.3 

2.35* 

0.95 

4 

3.2* 

1.75 

0.35 

1.5 

1.45 

0.8 

349 

1 

3.5* 

0.7 

0.1 

0.6 

0.65 

0.87 

2 

3.6* 

1.5 

0.15 

1.1 

0.85 

0.87 

3 

2.25 

2.6 

0.55 

5.3* 

2.2 

1.85 

4 

1.85* 

0.65 

0 1 

1.0 

0.67 

0.47 

5 

1.7* 

0.3 

-0.4 

0.3 

0.2 

0.4 

352 

1 

3.6 

2.7 

0.8 

4.6* 

2.8 

0.95 

2 

1.0 

1.7 

0.6 

3.95* 

0.5 

0.95 

359 

1 

3.25 

1.2 

1.5 

3.9* 

1.1 

1.3 

2 

2.2 

1.6 

1.35 

2.9* 

2.4 

0.9 

3 

3.35* 

1.4 

0.3 

1.2 

0.85 

0.8 

25 


1 1 


l 

! < 
i ! 

I 


i 


ft 


Figure  3f  - Elastic  Model  at  High  Position 


Run 

Event 

Case 

Shown  m 
Table  2 

PI 

P2 

P3 

P6 

P7 

P M 

mm 

387 

IT  ’ 

II 

14 

1.85 

015 

2.65* 

08 

bb 

1 ' 

III 

1 7 

11 

0 1 

2 1* 

08 

■29 

md 

1.7* 

0.7 

01 

12 

09 

mm 

388 

1.9* 

1.1 

0.1 

1 65 

18 

055 

1 

245* 

185 

0 11-09) 

2.25 

10 

0 7 

T m 

1 55 

0.65 

021  0.75) 

19* 

09 

0.65 

M 

1.6* 

085 

-02 

14 

085 

0 45 

391 

i 

1 25* 

045 

0 2 

06 

0 15 

0 35 

2 

1 

29* 

24 

0 35 

2 25 

12 

0 75 

396 

1 

1 45* 

08 

0 1 

07 

0.35 

0.4 

400 

1 

0 7* 

0 05 

NIL 

04 

04 

0.2 

409 

1 

19* 

03 

0 1 

06 

02 

0.5 

2 

3 35 

24 

06 

38* 

12 

085 

411 

2 

2.25* 

13 

01 

1 1 

1 3 

0 55 

412 

1 

0 75 

NIL 

1 0 

1.2 

06 

2 

2.1 

05 

19 

14 

0.65 

3 

2.1 

0.45 

2.4* 

1.0 

09 

4 

095 

0 1 

1 35 

095 

06 

5 

2.8 

1.90 

05 

3.6* 

2.6 

11 

TABLE  3g  - PmiX/Pire  (SAMPLES) 


Run 

Event 

Model 

Position 

| 

Vv 

knots 

P 

mm 

P . * 

ava 

P II 

ava 

^ma* 

P 

max 

P I 

ava 

Pave  II 

pi 

wm 

9 

9 

Rigid 

Low 

14 

0.66 

4 1 

v H 

JEM 

432 

12 

2 

1.4 

1 98 

6.3 

WM 

6.00 

31 

3 

1.71 

1.32 

3.1 

0.60 

0.95 

5.17 

39 

3 

1.71 

1 98 

2.7 

0 50 

0.70 

5.41 

386 

40 

2 

Low 

1.71 

2 64 

4 0 

1.30 

1.75 

308 

2.29 

67 

SB 

Mid 

2.0 

1 65 

4 6 

1.10 

1.60 

4 18 

2.88 

68 

1..  ^ 

Mid 

20 

1 98 

40 

0 67 

100 

600 

4.00 

Mid 

3.5 

1.00 

1 40 

3 50 

2.50 

142 

1 , 

Rigid 

High 

1.71 

1.98 

2.1 

0.45 

0 55 

4 67 

3.80 

251 

i 1 

Elastic 

Mid 

1.71 

1.32 

080 

338 

258 

1 

Mid 

1.71 

1 98 

0.85 

377 

259 

Mid 

1.71 

2 64 

3.2 

1.45 

2.21 

327 

mm 

Low 

1.71 

1 98 

3 6 

1.35 

2.67 

412 

3 

Ela 

Stic 

High 

2.0 

1 98 

090 

2.67 

Note  If  other  pressures  are  aero  except  PmllI.  then  pm  /P  I = 6.0  and  p(n-m/P-v-ll  = 4 0.  In  other  words, 

at  most  p is  six  times  P I and  four  times  P II  However,  if  negative  pressures  occur  at  the  same  time 
Kma*  ave  ava 

that  Pmt>  occurs,  then  Pma,/Plv,l  >6.0  and  Pm„/P,v,H  >4  0. 


AHEA  FOR  TAKING  PgveV 


Figure  7 - Area  Used  to  Take  Average  Impact  Pressures  at  Forward 
Section  of  Cross  Structure 

(P  it  the  mtximum  peak  preuure  within  the  imtging  tret;  vtluer  given  for  Pmgx/pive 
tre  the  metn  vtluet  for  Runt  37,  39,  tnd  40  given  in  Ttble  3t.) 


(a)  Area  I > Area  II  gives  p#yeI  < ptveII 

(b)  Area  IV  > Area  III  or  V gives  PIveIV  < pIveM  or  V 

The  information  on  slamming  pressure  distribution  provided  from  the  results  of  these 
tests  offers  some  guidance  for  design  consideration  that  can  be  summarized  as  follows: 

1.  The  highest  peak  pressure  occurs  at  the  center  forward  end  of  the  cross-structure 
bottom. 

2.  Pressures  at  the  sides  are  usually  smaller  than  at  the  centerline. 

3.  The  most  severe  slamming  occurs  at  the  foremost  portion  of  the  cross-structure 
bottom.  There  is  little  slamming  at  the  LOG  of  the  model.  Similarly,  slamming  pressures  at 
the  aft  end  of  the  cross-structure  bottom  are  small  or  insignificant.  (On  rare  occasions  tlu 
slamming  pressure  at  the  aft  end  can  be  quite  large,  but  it  is  still  less  than  the  pressure  at  the 
forward  end.) 

4.  The  average  pressure  over  the  entire  area  of  the  forward  section  is  less  than  about 
one-fourth  the  localized  highest  peak  pressure  in  that  area;  see  Figure  7 and  Table  3. 

Figures  8 and  9 illustrate  the  application  of  these  design  guidance  considerations  as  used 
by  the  design  agent  to  determine  load  criteria  for  strengthening  the  bottom  of  the  HAYES 
cross  structure.  Figure  8 depicts  the  relative  pressure  intensity  factor  versus  longitudinal 
location  or  ship  station.  Figure  9 shows  the  maximum  equivalent  static  pressure  acting  over 
an  area  of  the  bottom  of  the  cross  structure  versus  the  number  of  plate  areas  considered. 
Based  on  the  information  provided  in  Figures  8 and  9,  the  reinforced  HAYES  crt_>structure 
bottom  grillage  was  designed  to  withstand  a static  pressure  of  50  psi  at  Station  3 over  an  ana 
of  approximately  300  ft2.  This  criterion  for  pressure  was  linearly  reduced  from  50  psi  at 
Station  3 to  10  psi  at  Station  14,  and  was  held  constant  at  10  psi  aft  of  Station  14. 


EFFECT  OF  DEFORMABILITY  OF  IMPACT 
SURFACE 

A close  examination  of  Figure  6 shows  that  the  k values  obtained  from  the  equation 
Pm  ax  = k P Va2  are  8enerally  lower  for  the  deformable  body  impact  than  for  the  rigid  body 
impact.  But  there  are  a great  number  of  exceptions;  likewise,  the  reduction  in  peak  pressure 
due  to  deformability  of  the  impact  body  is  not  very  obvious.  The  difference  in  rigidity  (or 
flexibility)  of  two  types  of  models  (1/4-in.  plate  for  the  “rigid-body”  against  1/32-in.  plate 
thickness  for  the  “deformable-body”  model)  was  apparently  too  small  to  enable  differences 
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Figure  8 - Relative  Wave  Impact  Pressure  on  Bottom  of  Cross 
Structure  versus  Ship  Station 
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Figure  9 - Maximum  Pressure  versus  Wave  Impact  Surface  Area 
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to  be  measured  for  small  values  of  the  impact  pressures.  In  addition,  rigid  and  elastic  models 
were  tested  in  separate  runs,  and  that  made  comparisons  more  difficult. 

Figure  10  shows  that  the  deformability  of  the  impact  surface  also  affects  the  pressure 
time  histories.  The  effect  of  deformability  is  indicated  in  the  figure  by  the  differences  of  the 
pressure  time  histories  of  the  pressure  records  of  Run  37  for  the  l/4-in.-plate  rigid  model 
and  of  the  pressure  records  of  Run  325  for  the  l/32-in.-plate  deformable  model.  These 
results  also  mean  that  the  deformability  affects  the  pressure  time  histories  as  well  as  the  peak 
impact  pressures.  This  phenomenon  is  discussed  mathematically  and  in  more  detail 
elsewhere.1 

EFFECTS  OF  CROSS-STRUCTURE  CLEARANCE, 

SHIP  SPEED,  WAVE  CELERITY,  AND  WAVE 
HEIGHT 

Although  the  experiments  were  conducted  under  reeular  wave  conditions,  records  indi- 
cated that  the  wave  surface  was  distorted  and  hence  somewhat  irregular  during  a series  of 
slamming  events.  Usually  more  than  ten  slamming  events  were  recorded  during  each  run,  but 
none  of  them  was  identical.  It  was  therefore  very  difficult  to  make  a systematic  analysis  of 
all  the  records.  Those  considered  applicable  were  selected  for  the  comparison  of  measured 
and  predicted  impact  pressures.  Thus  in  this  section,  only  general  conclusions  have  been 
drawn  from  observations  and  experimental  reco.  . 

Changes  in  cross-structure  clearance,  ship  speed,  wave  celerity,  and  wave  height  can 
affect  ship  motions  and  thus  the  value  of  the  impact  angle,  the  impact  velocity,  and  the  im- 
pact pressure.  Changes  in  ship  headings  were  not  investigated. 

The  increase  in  cross-structure  clearance  above  the  water  surface  reduced  the  frequency 
of  impact,  but  it  increased  the  pitch  and  heave  motions  of  the  model.  Because  of  the  in-  • 
crease  in  ship  motions,  no  obvious  reduction  of  impact  pressure,  solely  attributable  to  the 
higher  clearance  can  be  determined  from  the  records.  Generally,  the  higher  clearance  in- 
creased the  impact  angle  (see  Table  2)  and  thus  is  expected  to  reduce  the  impact  pressure 
for  the  same  impact  velocity.  However,  many  test  runs  (see  Table  2)  showed  that  the  impact 
angle  was  independent  of  the  clearance.  In  general,  there  was  a reduction  of  impact  pressure 
for  the  higher  clearance,  but  it  is  difficult  to  define  a specific  percentage  reduction  value 
from  the  results. 

The  increase  in  ship  speed  increases  the  frequency  of  encounter  of  the  wave  by  the  ship. 
It  is  generally  known  that  if  the  frequency  of  encounter  becomes  synchronized  with  the 
natural  pitch  and/or  heave  frequencies  of  the  ship,  it  produces  the  highest  pitch  and/or  heave 
motions.  This  causes  an  increase  in  impact  velocity  and  thus  an  increase  in  impact  pressure. 
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Figure  10a  - Rigid  Model,  Run  37 
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Figure  10b  - Elastic  Model,  Run  32S 
Figure  10  - Impact  Pressure  Records 
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For  a particular  ship  speed  and  heading,  it  is  wave  celerity  which  determines  ship-to-wave 
frequency  of  encounter;  in  turn,  this  also  affects  ship  motions,  impact  velocity,  and  impact 
pressure.  The  effect  of  wave  height  on  the  impact  pressure  is  obvious,  that  is,  higher  waves 
produce  higher  impact  velocity  in  the  ship  slamming  area,  and  t_ius  higher  impact  pressure. 
This  higher  impact  velocity  is  produced  partly  by  the  wave  itself  and  partly  by  the  increase 
in  ship  motion. 


ADDITIONAL  EXPERIMENTAL  FINDINGS 

Some  additional  findings  were  collected  from  the  observations  made  during  the  conduct 
of  the  experiments  and  the  analyses  of  resulting  records: 

1.  Slamming  occurs  more  frequently  when  the  combined  pitch  and  heave  motions  of 
the  model  at  the  bow  are  over  90  deg  out-of-phase  with  the  wave  surface.  This  finding 
applies  even  in  a relatively  moderate  sea  with  the  wave  amplitude  less  than  the  cross- 
structure clearance  above  a calm  water  surface. 

2.  Impact  pressures  caused  by  wave  slap  were  found  to  be  insignificantly  low  and  al- 
most immeasurable  for  the  models  tested.  Here  wave  slap  is  defined  as  the  impact  of  a wave 
crest  on  the  bottom  of  the  crosss  structure  without  any  ship  motions. 

3.  When  the  model  was  towed  astern  into  drydock  (i.e.,  towed  backwards)  to  simulate 
following  seas  after  each  run,  'Jamming  occurred  infrequently  and  insignificantly  because  of 
small  ship  motion. 

4.  As  shown  in  Table  2,  the  highest  peak  pressure  reading  was  about  7 psi  (e.g.,  Run 
218).  The  7-psi  pressure  for  the  model  is  equivalent  to  150  psi  for  the  ship.  Before  a 
motion-migitating  hydrofoil  was  installed  on  HAYES,  some  readinp  during  her  sea  trials 
registered  pressures  as  high  as  200  psi  on  the  bottom  of  the  forward  cross  structure.  There- 
fore, the  recorded  pressures  from  the  model  tests  are  considered  realistic. 

5.  As  expected,  the  forward  half  of  the  forward  cross-structure  elastic  model  section 
(1/32-in.  bottom  plating)  was  dished  in  with  a 1/4-in.  permanent  set.  Of  course,  such  severe 
slamming  conditions  could  possibly  be  avoided  during  actual  ship  operation  by  slowing  down 
and/or  changing  course  to  reduce  the  severity  of  the  motions. 

6.  The  highest  peak  pressure  (2.2  psi)  registered  by  the  pressure  gage  that  had  been  in- 
stalled on  the  front  vertical  bulkhead  of  the  cross-structure  model  is  equivalent  to  46  psi  on 
a full-scale  ship.  This  is  twice  the  stagnation  pressure,  i.e., 
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p = 2(1/2  p V2)  (in  pounds  per  square  foot) 

(10) 

v = vh  + vw 

The  factor  of  2 that  is  needed  in  this  equation  is  attributed  to  the  sudden  application  of  the 
impact  load. 

7.  Since  the  front  bulkhead  is  open  to  the  impact  of  the  wave,  its  shape  should  be 
sloped  or,  prefeiably,  curved  horizontally  and/or  longitudinally  where  practicable  in  order  to 
reduce  the  wave  impact  load/ 

8.  The  largest  pitch  angle  recorded  was  about  26  deg  peak-to-peak.  The  largest  heave 
recorded  was  16  in.  peak-to-peak,  or  28  ft  for  a full-scale  ship.  These  values  generally  com- 
pare with  those  recorded  during  the  recent  sea  trials  of  HAYES. 

9.  Slamming  generally  occurs  when  the  bow  is  fully  depressed  (i.e.,  pitch  angle  is 
approaching  its  maximum  bow-down  attitude  and  pitch  velocity  is  approaching  zero)  and 
heave  velocity  is  approaching  its  maximum  (i.e.,  heave  displacement  near  zero)  against  the 
wave  surface.  The  point  of  impact  can  be  anywhere  on  the  wave  surface,  but  the  most  fre- 
quent and  severe  impacts  occur  at  the  forward  section  of  the  cross  structure.  (This  phenom- 
enon was  also  noted  in  the  HAYES  slamming  records.) 


CONSIDERATIONS  FOR  THE  PRACTICAL  STRUCTURAL  DESIGN 
OF  CROSS  STRUCTURE  IN  THE  SLAMMING  AREA 

The  present  series  of  investigations  now  makes  it  possible  to  provide  some  design  load 
criteria  for  the  cross  structure  in  the  slamming  area.  Only  the  local  slamming  ioads  are 
considered.  Determination  of  other  types  of  loadings,  such  as  longitudinal  hull  bending  wave 
and  vibratory  loads,  is  not  within  the  scope  of  the  present  study. 9,10 

This  section  provides  a method  for  determining  the  slamming  pressure  (or  load)  and  its 
distribution  in  the  slamming  area  of  the  C”  ^ > "•re. 


The  46  psi  noted  above  could  be  reduced  to  perhaps  20  psi  if  the  front  bulkhead  were  curved  2 to  3 deg  horizontally. 

9Dinsenbacher,  A.L.  et  a!.,  "Model  Test  Determination  of  Sea  Loads  on  Catamaran  Cross  Structure.”  NSRDC  Report 
2378  (May  1967). 

^Lankford,  B.W.,  Jr.,  “The  Structural  Design  of  the  ASR  Catamaran  Cross  Structure,”  Naval  Engineers  Journal,  Vol.  79, 
No.  4 (Aug  1967). 
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DETERMINATION  OF  PEAK  IMPACT  PRESSURE 


In  determining  a predicter  ulue  for  the  peak  impact  pressure,  the  impact  velocity  and 
the  impact  angle  must  be  obta^  d either  from  information  on  ship  motions  and  waves  or 
from  direct  measurement.  The  t- 'ghest  slamming  loads  are  generated  in  head  seas;  the  maxi- 
mum pitch  and  heave  motions  t tally  occur  under  such  conditions. 

At  the  present  time,  the  most  reliable  method  for  obtaining  such  information  as  pitch 
and  heave  and  their  phase  angles  ith  the  wave  is  by  means  of  a seakeeping  test  of  a model 
or  by  sea  trials.  However,  motion  prediction  methods  are  also  available.11,12 

The  seakeeping  test  (or  motion  prediction  method)  usually  does  not  include  measurements 
of  slamming  pressures  or  loads.  However,  when  ship  motion  data  are  waitable,  they  enable 
slamming  pressures  to  be  determined,  e.g.,  by  Equation  (7)  or  (9).  Equation  (7)  requires 
knowledge  of  the  heave  velocity  Vhe#.  the  pitch  velocity  Vp,  the  vertical  velocity  of  wave 
surface  Vw#v,  the  pitch  angle  0p,  and  the  wave  slope  6%  . These  quantities  can  be  determined 
by  trigonometrical  equations  if  the  motions  are  assumed  to  be  sinusoidal.  The  maximum  im- 
pact pressure  at  the  centerline  of  the  cross  structure  can  thus  be  determined  by  Equations  (1) 
through  (5).  As  generally  indicated  in  Table  3,  the  impact  pressure  distribution  athwart  to 
the  cross  structure  may  be  approximated  by  a parabola  with  the  peak  at  the  center  and 
70  percent  of  the  center  value  at  the  sides.  A typical  pressure  distribution  along  the  center- 
line  of  the  cross  structure  is  illustrated  in  Figures  8 and  10.  Typicai  examples  of  the  ratios 
of  maximum  to  average  pressures  for  various  portions  of  the  underside  structure  are  shown  in 
Figures  7 and  9. 

STRUCTURAL  RESPONSE 

As  demonstrated  by  Chuang,1  the  structural  response  to  slamming  can  be  determined 
mathematically.  However,  in  view  of  the  present  state-of-the-art,  it  is  quite  satisfactory  to 
assume  that  the  slamming  loads  are  to  be  applied  quasi-statically.  In  other  words,  the  cross 
structure  will  be  relatively  rigid  for  most  practical  design  uses,  and  so  it  is  reasonable  to  assume 
that  the  lead  is  applied  quasi-statically  to  the  rigid-body  impact  area  of  the  cross-structure 
bottom. 


1 *Lee,  C.M.  et  al„  “Prediction  of  Motion  end  Hydrodynamic  Loads  of  Catamarans,”  Marine  Technology,  Vol.  10,  No.  4 
(Oct  1973). 

12Hadler,  J.B.  et  al.,  “Ocean  Catamaran  Seakeeping  Design,  Based  on  the  Experience  of  USNS  HAYES,”  Transactions 
Society  of  Naval  Architects  and  Marine  Engineers,  Vol.  82  (1974). 
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Once  he  has  determined  cross-structure  bottom  slamming  loads,  load  distributions,  and 
method  of  application  of  loads,  the  designer  can  complete  the  design  of  plate,  panel,  and 
grillage  structure  in  the  usual  manner.  He  may  design  the  structures  either  conservatively  or 
liberally,  guided  by  his  own  judgment,  by  owner’s  specifications,  by  rules  and  regulations  of 
the  classification  societies,  and  by  design  manual,  design  data  sheets,  design  technical 
practices,  etc. 


SUMMARY  AND  CONCLUSIONS 

Earlier  NSRDC  studies  on  slamming  involved  drop  tests  of  two-  and  three-dimensional 
monohull  models.1,13  The  present  study  covers  the  slamming  of  the  cross-structure  bottom 
of  a conventional  catamaran  model. 

Two  catamaran  cross-structure  models  were  utilized;  one  had  1/4-in.  aluminum  flat  plate 
as  the  impact  surface  and  the  other  had  1 /32-in.  aluminum  flat  sheet.  Experiments  were  con- 
ducted in  regular  waves  with  lengths  from  10  to  30  ft,  heights  up  to  2 ft,  and  clearances  of 
4 1/4,  7 1/4,  and  10  1/4  in.  beneath  the  cross  structure. 

The  objectives  of  the  investigation  were:  (1)  to  establish  levels  for  realistic  values  of 
slamming  loads  and  load  distributions  acting  on  a rigid  and  a deformable  bottom  of  a 
catamaran  cross  structure,  (2)  to  verify  a method  for  predicting  cross-structure  bottom 
slamming  pressure  by  comparing  calculated  values  with  those  obtained  in  model  experiments 
and  fud-scale  trials,  and  (3)  to  provide  design  guidance  for  determining  the  scantlings  of  the 
cross  structure  in  the  slamming  area. 

Two  methods  are  available  for  predicting  the  slamming  pressures.  Both  are  based  on  the 
relative  veloicty  of  the  impact  surface  of  the  moving  body  and  the  wave  surface.  However, 
the  first  method  used  the  movement  of  the  wave  surface  and  the  second  employs  the  oribiting 
velocity  of  water  particles.  Both  methods  predict  the  pressures  with  reasonable  accuracy. 
Since  irregularity  of  the  wave  surface  was  indicated  in  the  experimental  records,  the  first 
method  was  considered  more  applicable  for  comparisons  of  experimental  and  predicted 
results. 

On  the  basis  of  this  series  of  experimental  investigations  of  conventional  catamaran 
slamming,  the  following  conclusions  have  been  drawn: 

1.  The  most  frequent  slamming  and  highest  peak  pressures  usually  occur  at  the  for- 
ward end  and  on  the  center  of  the  cross  structure.  Slamming  occurrences  were  much  less 


i 3 

Ochi,  M.D.  and  J.  Bonilla-Norat,  "Pressure-Velocity  Relationship  in  Impact  of  a Ship  Model  Dropped  onto  the  Water 
Surface  and  in  Slamming  in  Waves,"  NSRDC  Report  3153  (Jun  1970). 
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frequent  at  amidship  and  at  the  aft  end.  The  agreement  between  experimental  results  and 
predicted  values  of  the  pressures  were  considered  very  good,  especially  in  view  of  the  many 
uncertainties  involved  in  the  measurements  of  the  wave  properties  and  their  relation  to  ship 
motions,  velocities,  impact  angles,  etc.  (see  Figure  6). 

2.  Obviously,  the  highest  average  slamming  pressure  over  a large  area  is  less  than  that  at 
the  localized  area.  For  example,  the  peak  pressures  measured  by  the  gages  at  the  forward 
panel  of  the  cross  structure  were  two  to  six  times  the  average  pressures  over  the  panel  (see 
Figure  7 and  Table  3).  The  average  pressure  also  depends  on  the  impact  angles;  i.e.,  for  two 
identical  sizes  of  impact  areas,  the  difference  between  peak  and  average  pressures  is  greater 
for  the  larger  impact  angles. 

3.  The  deformable  impact  surface  relieves  slamming  pressure.  However,  the  differences 
in  pressure  between  the  tested  “rigid”  and  “deformable”  aluminum  models  were  too  small 
for  an  objective  comparison.  The  peak  pressure  of  the  deformable  impact  surface  was 
usually  less  than  that  registered  for  a comparable  rigid  surface  impact.  In  any  case,  for  the 
practical  design  of  conventional  steel  structures,  it  is  reasonable  to  assume  that  the  slamming 
load  is  quasi-static  and  independent  of  the  deformability  of  the  impact  surface. 

4.  Higher  cross-structure  clearance  over  the  water  surface  reduces  the  frequency  of 
slamming  and  slamming  pressure.  Experiments  at  three  different  heights  did  not  clearly 
indicate  the  percentage  of  reduction  of  slamming  pressure  associated  with  the  higher 
clearances. 

5.  Ship  speed  and  wave  celerity  affect  ship  motions.  When  the  ship  is  at  a synchronous 
speed  (i.e.,  the  period  cf  wave  encounter  is  approximately  equal  to  the  natural  pitch  and/or 
heave  periods),  its  motions  per  foot  of  wave  height  increase  and  thus  the  slamming  pressure 

is  expected  to  be  larger  than  at  nonsynchronous  speeds. 

6.  Higher  waves  generate  higher  slamming  pressure  partly  because  of  increased  wave 
height  and  partly  because  of  larger  ship  motions  resulting  from  the  increased 

wave  height. 

7.  A following  sea  causes  insignificant  slamming  because  of  reduced  ship  motions. 

8.  The  predominant  source  of  severe  slamming  is  ship  pitch  and  heave  motions  rather 
than  waveslap.  If  ship  motions  can  be  reduced  by  changing  ship  speed  or  course,  slamming  in- 
tensity will  be  reduced. 

9.  The  general  procedures  for  the  design  of  the  cross  structure  in  the  slamming  area 
are  (a)  to  determine  ship  motions  and  velocities  from  seakeeping  model  tests  or  as  described 
by  Lee11  and  Hadler,12  (b)  to  determine  impact  pressure  by  the  method  given  in  the  report, 

(c)  to  determine  pressure  distribution  in  the  slamming  area  as  suggested  in  the  report, 

(d)  to  apply  load  quasi-statically,  and  (e)  to  design  structures  by  the  usual  design  method. 


The  prediction  method  developed  herein  was  used  to  obtain  results  that  could  be  com- 
pared with  the  slamming  experienced  by  HAYES  during  sea  trials.  Considering  the  many 
variables  involved  in  the  predictions,  calculated  values  are  considered  to  be  in  good  agreement, 
with  the  HAYES  results. 
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APPENDIX  A 

ANALYSES  OF  HAYES  SEA  TRIAL  CROSS- 
STRUCTURE SLAMMING  DATA 

Full-scale  trials  were  conducted  near  the  end  of  the  HAYES  first  winter  of  operation  in 
the  North  Atlantic  (1972)  when  it  became  apparent  that  there  were  problems  of  cross- 
structure  slamming.  It  was  fortunate  that  the  HAYES  data  provided  information  needed  for 
the  determination  of  cross-structure  slamming  pressure  by  Method  I.  To  verify  the  useful- 
ness of  the  prediction  method,  1 2 slamming  occurrences,  obtained  during  two  trial  runs  when 
the  slamming  was  most  severe,  were  analyzed  and  the  values  predicted  by  Method  I were 
compared  with  the  full-scale  results.  These  two  runs  were  conducted  before  the  installation 
on  HAYES  of  a forward  foil  to  reduce  slamming.  Hadler  et  al.12  provide  detailed  infor- 
mation on  sea  trials,  gage  locations,  etc. 

Data  used  as  input  for  the  slamming  pressure  prediction  program  are  summarized  in 
Table  A.l,  and  the  calculated  k values  (or  pressure  intensity  factor)  determined  from  the  sea 
trials  are  shown  in  Figure  A.l.  Considering  the  many  variables  involved  in  the  calculations, 
the  3-dimensiona]  slamming  predictions  shown  in  the  figure  are  considered  to  be  in  good 
agreement  with  results  derived  from  HAYES  trial  data. 
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TABLE  A.1  - SUMMARY  OF  HAYES  SLAMMING  DATA  AND  COMPUTER  RESULTS 
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NOTE  1.  For  Cate  I V wh  meatured  at  impact  art  a.  For  Cam  n.  V_  ««  calculated  by  Stand  V_  on  meaaured  at  longitudinal  center  of  rarity. 
P P P n* 

2.  The  recorded  p it  the  maximum  peak  value  amonf  meaaured  gefe  peak  value*. 


Figure  A.l  - Predicted  and  Measured  Peak  Pressure  Factor  k ve 
Impact  Angie  for  HAYES  as  Built 

(V  is  velocity  normal  to  wave  surface  at  impact  and  p is  mass  density  of  fluid) 


APPENDIX  B 

METHODS  OF  DATA  COLLECTION  AND  REDUCTION 


DATA  COLLECTION 

The  data  for  each  run  were  collected  into  four  groups-each  consisting  of  14  channels. 
The  first  seven  channels  of  each  group  were  continuous  through  each  run  and  they  consisted 
of  time  (T),  pitch  angle  (P),  heave  distance  (H),  wave  height  (Wl),  relative  wave  height  (W2), 
acceleration  (A),  and  slamming  pressure  at  the  front  face  of  the  cross  structure  (Pi 4).  The 
remaining  seven  channels  were  changed  for  each  group.  The  first  three  groups  corresponded 
to  the  three  sections  of  the  cross  structure  and  the  fourth  group  recorded  the  slamming 
pressures  over  its  whole  length.  For  the  elastic  models,  for  example,  Group  A recorded 
pressures  at  three  points  (Pj,  P2,  P6),  deflection  (DA),  stresses  (SAF,  SAS),  and  acceleration 
(A A);  Group  B recorded  pressures  at  three  points  (P2,  P4,  P5),  deflection  (DB),  stresses 
(SAF,  SAS),  and  acceleration  (AB);  Group  C recorded  pressures  at  three  points  (P2,  P4,  P5), 
deflection  (DC),  and  acceleration  (AC);  and  Group  D recorded  pressures  at  seven  points 
(Pj  -P7 ).  The  locations  of  these  gages  are  shown  in  Figure  5.  Similar  grouping  was  applied 
to  data  collection  for  the  rigid  models. 


DATA  REDUCTION 

Figure  B.  1 shows  a portion  of  z record  collected  during  the  experiment.  These  records 
provided  the  information  needed  for  the  computer  prediction  of  slamming  pressure,  namely: 

Run  No.  - given. 

Case  No.  - given. 

TD  - Pitch  angle  in  degrees. 

PNR  — Recorded  impact  pressure  in  pounds  per  square  inch. 

WSD  - Wave  slope  in  degrees. 

VHEA  - Heave  velocity  in  feet  per  second-from  record. 

VWAV  - Vertical  velocity  of  wave  surface  in  feet  per  second. 

VP  - Vertical  velocity  (in  feet  per  second)  due  to  pitch. 

The  procedure  for  reducing  the  data  is  as  follows.  The  time  of  impact  is  obtained  by 
drawing  a vertical  line  through  the  peak  of  a selected  pressure  time  history  and  extending  it 
through  all  channels  to  determine  the  related  ship  action. 

The  determinations  of  pitch,  heave,  and  wave  velocities  from  the  experimental  records 
are  as  follows: 
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1.  Pitch  Velocity  (VP): 

„ AP  2k 

From  Figure  B.2,  the  pitch' velocity  is  VP  = — • cal  • -rrr  • 8 

At  360 

where  8 is  the  distance  of  pressure  gage  from  the  CG  of  the  model,  and  cal  is  the  test  record 
calibration  factor, 

2.  Heave  Velocity  (VHEA): 

From  Figure  B.3,  the  heave  velocity  is: 


VHEA  = 


AH 

At 


• cal 


3.  Pitch  Angle  (TD): 

From  Figure  B.4,  the  pitch  angle  is: 


TD  = 0 • cal 

p 

4.  Wave  Slope  (WS): 

Since  the  wave  probe  is  located  s-distance  ahead  of  the  impact  point  where  pressure  is 
measured,  the  impact  point  for  the  wave  is  recorded  t(w)  sec  ahead  of  the  impact  line  drawn 
on  the  record.  As  shown  in  Figure  B.5, 


t(w)  = s/V(H) 

where  V(H)  is  the  sum  of  the  wave  velocity  and  the  model  speed.  The  wave  slope  is  then 


WSD  = 


Once  the  data  were  reduced,  they  were  entered  into  the  computer  program,  given  in 
Table  1,  for  comparison  with  the  levels  predicted  by  the  program. 
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Sample  Record  for  Elastic  Model 


CENTERLINE  OR  MEAN 
VALUE  OF  PITCH  TIME 
HISTORY 


Figure  B.4  - Determination  of  Pitch  Angle 
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